DNA methylation profiles of the serotonin transporter gene (SLC6A4) have been shown to alter SLC6A4 expression, drive antidepressant treatment response and modify brain functions. This study investigated whether methylation of an AluJb element in the SLC6A4 promotor was associated with major depressive disorder (MDD), amygdala reactivity to emotional faces, 5-HTTLPR/rs25531 polymorphism, and recent stress. MDD patients (n = 122) and healthy controls (HC, n = 176) underwent fMRI during an emotional face-matching task. Individual SLC6A4 AluJb methylation profiles were ascertained and associated with MDD, amygdala reactivity, 5-HTTLPR/rs25531, and stress. SLC6A4 AluJb methylation was significantly lower in MDD compared to HC and in stressed compared to less stressed participants. Lower AluJb methylation was particularly found in 5-HTTLPR/rs25531 risk allele carriers under stress and correlated with less depressive episodes. fMRI analysis revealed a significant interaction of AluJb methylation and diagnosis in the amygdala, with MDD patients showing lower AluJb methylation associated with decreased amygdala reactivity. While no joint effect of AluJb methylation and 5-HTTLPR/rs25531 existed, risk allele carriers showed significantly increased bilateral amygdala activation. These findings suggest a role of SLC6A4 AluJb methylation in MDD, amygdala reactivity, and stress reaction, partly interwoven with 5-HTTLPR/rs25531 effects. Patients with low methylation in conjunction with a shorter MDD history and decreased amygdala reactivity might feature a more stress-adaptive epigenetic process, maybe via theoretically possible endogenous antidepressant-like effects. In contrast, patients with higher methylation might possibly suffer from impaired epigenetic adaption to chronic stress. Further, the 5-HTTLPR/rs25531 association with amygdala activation was confirmed in our large sample.
INTRODUCTION
Major depressive disorder (MDD) is one of the most common mental illnesses worldwide with estimations about 350 million people affected (Marcus et al, 2012) . Whereas antidepressant medication with selective serotonin reuptake inhibitors (SSRIs) is among the most prevalent treatment forms (Olfson and Marcus, 2009) , the role of the serotonergic system and its interactions with environmental factors has not been conclusively determined. The main target of SSRIs, the serotonin transporter (5-HTT, SERT), broadly influences serotonergic neurotransmission and is encoded by the SLC6A4 gene. In a polymorphic SLC6A4 promoter region, the functional insertion/deletion polymorphism 5-HTTLPR and the functionally related single nucleotide polymorphism rs25531 are discussed as risk factors for the psychopathology of MDD (Xia and Yao, 2015) and frequently associated with robust neural correlates of MDD, like reduced hippocampal volumes (eg, Frodl et al, 2008) . Starting with the seminal study of Hariri and colleagues (Hariri et al, 2002) , numerous imaging genetic studies also investigated the association of the 5-HTTLPR region and amygdala activity, with several replications (eg, Dannlowski et al, 2010) but, however, also controversially discussed results (cf. Bastiaansen et al, 2015; Kaufman, 2015) . This underlines the importance of an expanded perspective and more complex study approaches including also epigenetics (Kaufman, 2015) .
Epigenetic modifications like DNA methylation impact gene transcription in response to environmental influences, revealing a link between nature (genetics) and nurture (life experience) that shapes physical responses to, eg, stressful stimuli (Zannas and West, 2014) . Alexander et al have recently shown an association between the 5-HTTLPR genotype, SLC6A4 DNA methylation, and stress sensitivity, where S allele carriers in combination with low SLC6A4 methylation revealed increased cortisol stress reactivity (eg, Alexander et al, 2014; Frodl et al, 2015) . Further research suggests that in addition to the genetic makeup, epigenetic mechanisms play a major role in the susceptibility to acute, chronic, and developmental stressors. Wilkinson et al (2009) showed different neuronal methylation patterns in stressvulnerable compared to resilient mice at several genes, offering the hypothesis that resilient individuals reveal an antidepressant-like epigenetic response to chronic stress. Recent studies on DNA methylation in the SLC6A4 promoter revealed associations with acute stress (Kang et al, 2013) , 5-HTT mRNA levels (Olsson et al, 2010; Philibert et al, 2008) , history of lifetime depression (Philibert et al, 2008) , depression severity (Okada et al, 2014) , childhood maltreatment (Frodl et al, 2015; Kang et al, 2013) , and antidepressant response (Domschke et al, 2014) . In addition, a large imaging epigenetic study linked amygdala hyperactivity with increased SLC6A4 promoter methylation in healthy participants (Nikolova et al, 2014) . Given the heterogeneous susceptibility to stress-related disorders in humans (Galea et al, 2005) , improved understanding of how epigenetically modified genes are associated with adaptive stress responses, psychiatric disorders, and neurobiological changes could have tremendous implications for therapeutic interventions.
Recently, another functional region in the SLC6A4 promoter awakened interest, a retrotransposonal Alu element of subtype AluJb. The primate specific Alus are~300 bp in length, genome-wide prevalent (occupying 10% of the human genome) and function either as genomic elements or as transcribed RNA (Deininger, 2011; Wang and Huang, 2014) . As genomic elements, Alus contain several transcription-factor-binding sites and preferentially interact with nearby promoters (Su et al, 2014) . Further, Alus can regulate through editing and exonization the diversity, stability and translatability of mRNA when embedded in pre/mRNA. Finally, free transcribed Alu ncRNAs in sense orientation have been shown to regulate gene expression via blocking RNA pol II, while free transcribed Alu ncRNA in reverse orientation have been shown to act through antisense RNA or small RNA interference mechanisms (Wang and Huang, 2014) . Alus have great potential to regulate nearby gene expression (cf. Kaer and Speek, 2013) and their methylation status was already associated with pathology of numerous diseases and shown to be regulated by environmental factors (Miousse et al, 2015) . For the AluJb in the SLC6A4 promoter, located between 5-HTTLPR/rs25531 and the promoter associated CpG island (Supplementary Figure S1) , we previously reported a striking relationship between its methylation status and hippocampus and amygdala volumes in two independent and large samples of healthy participants (Dannlowski et al, 2014) .
Based on these promising findings the question arises, whether a similar relation might also exist between AluJb methylation and amygdala reactivity in MDD patients. Further, we were interested in associations between AluJb methylation and gene (5-HTTLPR region) and environment (stressors) effects since studies have shown associations between SLC6A4 DNA methylation, diagnosis of major depression, the 5-HTTLPR genotype, stress sensitivity as well as an interaction between 5-HTTLPR genotype and stress sensitivity predicting SLC6A4 DNA methylation (eg, Alexander et al, 2014; Frodl et al, 2015; Iga et al, 2016) . Thus, for the present study we hypothesized that (1) the diagnosis of MDD, 5-HTTLPR/rs25531, stressful life events, and a gene × environment interaction (5-HTTLPR/rs25531 × stressful life events) would predict SLC6A4 promoter AluJb methylation. Stressful life events were exploratory operationalized using the List of Threatening Experiences Questionnaire (LTE-Q, (Brugha and Cragg, 1990) ). Further, we hypothesized that (2) amygdala reactivity to negative emotional faces was associated with the diagnosis of MDD and SLC6A4 promoter AluJb methylation, and that (3) a joint effect of AluJb methylation and 5-HTTLPR/rs25531 on amygdala reactivity might exist.
MATERIALS AND METHODS

Subjects
A total of n = 137 individuals with acute MDD, for whom fMRI data were available, participated in the present study as part of an ongoing project (Münster Neuroimaging Cohort). Patients were under current in-patient treatment at the Department of Psychiatry and Psychotherapy at the University Hospital of Münster with a large majority taking antidepressants (see Supplementary Table S1 for details). All patients were diagnosed with the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I; (Wittchen et al, 1997) ). Severity of depressive symptoms was measured with the Beck Depression Inventory (BDI, (Beck, 1987) ) and the occurrence of 12 different stressful life events during the last year with the LTE-Q (Brugha and Cragg, 1990) . Exclusion criteria were any neurological abnormalities, history of seizures, head trauma or unconsciousness, substance abuse, and the usual MRI-contraindications. In addition, patients with former electroconvulsive therapy and acute benzodiazepine treatment were excluded. A medication load index (MLI) was calculated as described previously (Hassel et al, 2008; Redlich et al, 2014) with medications grouped into absent, low, or high, and a composite measure of total medication reflecting dose and variety of different medications taken (for details see Supplementary Material).
The healthy control (HC) sample of n = 189 individuals was initially recruited for our preceding study and described there in detail (Dannlowski et al, 2014) . Briefly, they were free from any life-time history of psychiatric disorders according to DSM-IV criteria (American Psychiatric Association, 1994) , as diagnosed with the SCID interview (Wittchen et al, 1997) and were characterized with the same questionnaires and followed the same exclusion criteria as abovementioned for the patients (for details and a comparison of MDD vs HC see also Table 1 ).
All subjects were of European ancestry and had normal or corrected-to-normal vision. Due to excess motion in the fMRI session, 28 participants (13 HCs, 15 MDD patients) were excluded from all analysis after data collection resulting in a final sample of n = 122 MDD patients and n = 176 HCs. The study was approved by the Ethics Committee of the University of Münster. After a complete description of the study to the participants, written informed consent was obtained. All participants received a financial compensation.
DNA Analysis
Venous blood sample collection was carried out by default between 1700 and 1900 hours. DNA extraction methods, genotyping of the functional promoter polymorphisms 5-HTTLPR (long (L) and short (S) allele) and rs25531 (common A and rare G allele), and bisulfite specific sequencing analyses of the AluJb methylation rates in the SLC6A4 promoter region were all performed as described previously (Dannlowski et al, 2014) . Focus was put on the same eight of nine CpG sites (bp80, bp86, bp102, bp110, bp161, bp163, bp173, bp177) spanning the AluJb as before (Dannlowski et al, 2014; Supplementary Figure S1 ) for comparison reasons. Quality controls were extended to three independent repetitions of standard PCR and sequencing reactions with concordance checks of triplicate data (exclusion of outlier in case of standard deviation (SD)40.05). Further, ten random patient DNAs were used for additional independent bisulfite conversions followed by triplicate PCRs and sequencing, resulting in high concordance rates (overall SD = 0.018; max. SD = 0.055) except for CpG site bp102 (SD = 0.085, SD(max) = 0.112), which therefore was excluded from further analysis.
The genotype distributions of 5-HTTLPR and rs25531 did not differ significantly from the expected numbers calculated according to the Hardy-Weinberg equilibrium in both, patients and controls (p40.05). For subsequent analysis, subjects were grouped into carriers of no risk allele (L A L A homozygotes) vs carriers of one risk (S or L G ) allele vs carriers of two risk alleles (for details see Table 1 ), with the L G allele treated as risk allele based on comparable levels of serotonin transporter expression between S and L G alleles (Hu et al, 2006) . To maximize statistical power, groups were also dichotomized into no risk allele (L A L A homozygotes) vs one or two risk (S/L G ) allele carriers. 5-HTTLPR/rs25531 genotype group frequencies were compared between patients and controls using a chi square test and did not differ statistically between them (see Table 1 ).
fMRI Methods
The experimental fMRI paradigm was frequently used to elicit a robust and replicable amygdala response across an array of imaging genetics studies (eg, Dannlowski et al, 2011; Nikolova et al, 2014) . The paradigm, which utilized a faceprocessing task (faces with anger or fear expressions), alternating with a sensorimotor control task was conducted as described previously (Dannlowski et al, 2011 ; see Supplementary Material and Figure S2 ). Functional images were realigned and unwarped, spatially normalized to standard MNI space (Montreal Neurological Institute), and smoothed using a Gaussian kernel (6 mm FWHM). As noted above, 28 subjects had to be excluded due to excessive head movements (exclusion criterion 43 mm and/or 3°). The remaining n = 298 datasets were free from movement effects. The onsets and durations of the two experimental conditions (faces and shapes) were modelled using a canonical hemodynamic response function in the context of the general linear model (GLM). The model was corrected for serial correlations and a high-pass filter of 128 seconds was applied to reduce low frequency noise. An individual contrast image was generated in each fixed-effects first-level analysis comparing activation in response to fear-relevant faces with the control condition as baseline. The resulting contrast images were further used in second-level randomeffects group analyses.
Statistical Analysis
Analyses were conducted using SPSS (Version 23.0, IBM, Chicago, IL, USA), R programming language (Version R3.3.2, Vienna, Austria) and Statistical Parametric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm). Beta regression analyses were performed using algorithms implemented in the R package betareg (Cribari-Neto and Zeileis, 2010).
Effects of SLC6A4 AluJb Methylation
For AluJb methylation analyses, principal component analysis (PCA) was used for data reduction of the seven CpG sites. The PCA yielded one principal component with an eigenvalue 4 1. This explained 55.4% of the total variance. To facilitate the analysis, a factor-based score was constructed by taking the average of CpG sites with a recommended cut-off factor loading of 4.35 (Hair et al, 1998) . Since methylation values are bounded between 0 and 1, we used beta regression modeled on (Beck, 1987) ; LTE-Q, List of Threatening Experiences Questionnaire (Brugha and Cragg, 1990) ; MLI, Medication Load Index .
the logit scale to model DNA methylation (Ferrari and CribariNeto, 2004) . According to our first study goal, we performed a beta regression model predicting mean AluJb methylation by diagnosis (MDD vs HC), 5-HTTLPR/rs25531 genotype group (carriers of 0 vs 1 and carriers of 0 vs 2 risk S or L G alleles), LTE-Q, and the interaction term 5-HTTLPR/rs25531 × LTE-Q. We included two additional confounders, sex and age, based on previous significant associations with SLC6A4 methylation (Philibert et al, 2008; Domschke et al, 2014) . Since betaregressions do not allow omnibus F-tests, we focused on the differences between carriers of no risk allele vs one and no risk allele vs two risk alleles, based on former research showing significant differences mainly between no-risk allele carriers and carriers of one or two risk alleles (eg, Alexander et al, 2014; Olsson et al, 2010) . However, for comparison reasons, all analyses were also conducted using an analysis of covariance (ANCOVA) (Supplementary Table S5 and S7). For MDD patients the regression model was extended by number of depressive episodes and MLI since the duration of depression and medication effects have already been associated with SLC6A4 methylation (eg, Kang et al, 2013; Domschke et al, 2014) . To explore potentially confounding effects we added body mass index (BMI) as regressor in additional regression models. Continuous predictors were standardized in order for their coefficients to be more comparable. All analyses were performed using a cut-off pvalue of 0.05.
fMRI Analyses
According to our second study goal, the effects of diagnosis and AluJb methylation on amygdala reactivity were investigated using an ANCOVA in SPM with AluJb methylation as covariate and diagnosis and 5-HTTLPR/rs25531 as between-subject factors, sex as regressor of no interest, and diagnosis × AluJb methylation as interaction term. To meet our third goal, we further investigated the joint effect of AluJb methylation × 5-HTTLPR/rs25531 within the model. Given the study's primary focus on the amygdala, all calculations were restricted to the bilateral amygdala as defined by Tzourio-Mazoyer et al. (2002) using an anatomical mask created with the Wake Forest University (WFU) Pick Atlas (Maldjian et al, 2003) . A rigorous po0.05 family-wise error (FWE) correction on the voxel-level was applied for all analyses. For each subject the mean contrast values of the peak voxel from significant results of the fMRI ANCOVA analysis were extracted from SPM and further analyzed in SPSS. An ANCOVA was performed to investigate whether other factors influenced possible associations of AluJb methylation and 5-HTTLPR/rs25531 with amygdala reactivity by adding LTE-Q, age, and BMI as nuisance covariates. Again, for MDD patients the nuisance covariates were further expanded by number of depressive episodes and MLI.
RESULTS
SLC6A4 AluJb Methylation Rates
Analyses of individual AluJb methylation profiles revealed different methylation rates for all seven CpG sites (Supplementary Table S2 ). Except one CpG site (bp110) all other six CpG sites were approximately normally distributed (Shapiro Wilk Tests, all p40.05) and had factor loadings 40.35 and thus, were used to calculate the mean methylation rate as an estimate of SLC6A4 promoter AluJb methylation status (Supplementary Table S2 ).
The regression model predicting mean AluJb methylation by diagnosis, 5-HTTLPR/rs25531, LTE-Q, the interaction 5-HTTLPR/rs25531 × LTE-Q, sex, and age explained 18.2% of the variance (see Supplementary Table S4 for betaregression coefficients). Regarding our first study goal, mean AluJb methylation rate was significantly lower in MDD as compared to HC (z = − 2.61, p = 0.009, Figure 1a ) and lower AluJb methylation was associated with higher LTE-Q scores (z = 2.35, p = 0.019). 5-HTTLPR/rs25531 was not associated with AluJb methylation, however, there was a significant interaction of 5-HTTLPR/rs25531 and LTE-Q, revealing that individuals carrying risk (S/L G )-alleles had different associa- Figure 1b ): When confronted with stressors, carriers of one risk allele had lower and carriers of two risk alleles had lowest AluJb methylation compared to non-risk allele carriers, while carriers of one vs two risk alleles did not differ significantly (data not shown). Further, AluJb methylation was significantly lower in males (z = 6.03, po0.001), while age and BMI were not significantly associated. A correlation matrix with all variables as well as a sensitivity analysis including higher order interaction terms are provided in Supplementary Table S3 and S8 in the Supplementary Material.
In MDD patients only, a positive association between AluJb methylation and number of depressive episodes was found (z = 2.08, p = 0.038) (Supplementary Table S6 ). Furthermore, the interaction of the dichotomized HTTLPR/rs25531 with LTE-Q (z = − 2.21, p = 0.027) and the association with sex (z = − 3.95, po0.001) remained significant, while MLI, LTE-Q, age, and BMI revealed no significant associations.
fMRI Results
The ROI analysis of the bilateral amygdala reactivity revealed no significant main effect of diagnosis and, concerning our second study goal, no significant main effect of AluJb methylation. However, a significant interaction of AluJb methylation and diagnosis for the right amygdala reactivity appeared (x = 34, y = − 2, z = -20, F(1,289) = 12.23, p = 0.00054, p FWE = 0.039, k = 2, Figure 2a and b) . Post hoc analysis revealed a strong positive association of AluJb methylation and the right amygdala reactivity for MDD patients (right: x = 34, y = 2, z = − 22, t(119) = 3.70, p = 0.00016, p FWE = 0.01, k = 24, Figures 2c and d) , while there was no significant association for HCs.
Regarding our third study goal, no significant interaction effect of 5-HTTLPR/rs25531 and AluJb methylation emerged in all participants as well as in both groups separately. However, in accordance with literature (Murphy et al, 2013a) risk allele carriers revealed a higher reactivity in the right amygdala compared to L A L A homozygotes (x = 34, y = − 2, z = − 28, t(289) = 3.30, p = 0.00054, p FWE = 0.036, k = 2). All abovementioned associations with amygdala reactivity were not affected by sex, LTE-Q, BMI, age, number of depressive episodes or MLI as analyzed by subsequent multiple regression with t-values ranging from t = − 1.48 to t = 1.95.
DISCUSSION
In the present study, we found significant differences in SLC6A4 promoter methylation between MDD patients and HCs in a large sample. This is in line with recent work showing differences in SLC6A4 methylation level between a small sample of MDD patients and controls (Iga et al, 2016) . Furthermore, as assumed in our previous study (Dannlowski et al, 2014) patients with MDD indeed revealed lower SLC6A4 promotor AluJb methylation compared to HCs (Figure 1a) . In addition to MDD, AluJb methylation was lower in participants with higher experiences of threatening events during the past year (higher LTE-Q). Since mean LTE-Q was distinctly higher in MDD patients (Table 1) , this might explain their distinctly lower mean methylation. A reaction of lowered AluJb methylation when confronted with psychological stressors might lead to the assumption that SLC6A4 AluJb hypomethylation in MDD could represent an underlying endogenous response mechanism to stress. However, since mediation analysis for beta-regression models have not been invented yet to our knowledge, the assumption could not be further tested and stays hypothetical. Global Alu hypomethylation has already been associated with stress exposure, such as for night shift workers (Bollati et al, 2010) , individuals with socially disadvantaged status (Subramanyam et al, 2013) , and the development of post-traumatic stress disorder after military service (Rusiecki et al, 2012) . Interestingly, low Alu methylation was also associated with reduced DNA methyltransferase (DNMT) expression (Deplus et al, 2014) and such reduced DNMT was found in amygdala tissue of postmortem depressed suicides compared to controls (Poulter et al, 2008) . Thus, the MDD patients in our present study might reveal lower AluJb methylation compared to HCs also based on reduced DNMT expression. However, this remains speculative since no DNMT levels were examined.
Hypomethylation of Alu elements was generally associated with decreased protein synthesis of nearby genes (cf. Landry et al, 2001) , presumably via their function as genomic elements or as transcribed RNA (Wang and Huang, 2014) . The AluJb element in the SLC6A4 promoter studied here belongs to the evolutionary early subfamily of AluJb and contains, as expected for this group, numerous transcriptionfactor-binding sites, particularly that for the repressive PAX6 (Dannlowski et al, 2014) . Further, AluJb is located in antisense direction near the transcription start site, allowing possibly exonization, which would lead to alternative SLC6A4 mRNA competing with the original mRNA (Schmitz and Brosius, 2011) and as already shown for an AluJb element in the leptin receptor gene (Huh et al, 2010) . Lower SLC6A4 AluJb methylation might allow, eg, more repression of gene expression via PAX6 binding or more alternative (but less original) SLC6A4 mRNA via exonization, both possibly resulting in lower 5-HTT levels (for a detailed discussion see (Dannlowski et al, 2014) . Another possibility is the active Alu transcription via RNA polymerase III resulting in free transcribed Alu ncRNAs, which have been demonstrated to inhibit gene expression, and which can be highly adaptive and sensitive to stress (reviewed in (Wang and Huang, 2014) . This might also hold true for our SLC6A4 AluJb in case of low or no methylation allowing RNA polymerase III binding. Taken together, recent findings suggest that lower SLC6A4 AluJb methylation could cause inhibition of SLC6A4 gene expression and thus declined levels of 5-HTT. In line with this, MDD patients reveal less 5-HTT-binding compared to HCs (Yeh et al, 2015) . However, these considerations remain speculative since no experimental data exists for the impact of AluJb methylation on SLC6A4 expression.
Our results show in agreement with previous studies (Bollati et al, 2010; Subramanyam et al, 2013) lower AluJb methylation associated with high stressful experiences. Interestingly, we also found a gene × environment interaction predicting AluJb methylation: when confronted with high stressful experiences in the past year HTTLPR/rs25531 risk allele carriers revealed lower AluJb methylation compared L A L A homozygotes (Figure 1b) . Considering the opposing effect of SLC6A4 AluJb methylation on gene expression (lower methylation related to declined 5-HTT levels as suggested above) compared to CpG island promoter methylation (higher methylation related to declined 5-HTT levels), our results are in line with studies reporting high CpG island methylation associated with high acute as well as chronic stress (Duman and Canli, 2015) in risk allele carriers.
In contrast to such current stress, IJzendoorn and colleagues reported responses to past stress: here less unresolved loss or trauma was associated with high SLC6A4 CpG island methylation in risk allele carriers (IJzendoorn et al, 2010) , indicating possibly adaptive processes as longterm outcome of stress-related epigenetic changes. The less unresolved loss or trauma might be due to the abovementioned declined 5HTT-levels, which should lead to increased synaptic 5HT AluJb methylation, depression, and amygdala reactivity I Schneider et al availability, comparable to an endogenous SSRI-like effect. Such an adaptive effect might also exist in our MDD patients, since decreased number of depressive episodes were associated with lower AluJb methylation. However, taking an additional performed 4-way interaction with diagnosis × 5-HTTLPR/rs25533 × LTE-Q × sex into account it appeared that sex and diagnosis further impact the gene × environment interaction (see supplementary Table S8 and Supplementary Figure S3) . Further, we could replicate a finding of higher SLC6A4 methylation in female compared to male participants (Philibert et al, 2008) . Gender specific DNA methylation might reflect hormonal influences during early development stages and possibly contributes to gender specific prevalence of MDD (Uddin et al, 2013) . Future studies are needed to deepen the understanding of epigenetic effects on gender differences in the vulnerability for psychiatric disorders.
A possible connecting link between AluJb methylation, stress and MDD clinical appearance are DNMTs. DNMT expression in the nucleus accumbens promotes depressionlike behavior in rodents (LaPlant et al, 2010) and increased global DNA methylation as well as genetic variation in DNMTs has already been associated with suicide attempts in psychiatric patients (Murphy et al, 2013b) . Furthermore, DNMT inhibition has been shown to downregulate Alu methylation (Deplus et al, 2014) , enhance resilience to chronic stress, induce antidepressant effects, and changes in neuronal stress-induced DNA methylation in rodents (Sales and Joca, 2016 ). However, it remains possible, that not DNMTs but antidepressant treatment changed the AluJb methylation, although extensive subsequent analysis of type and duration of medication revealed no significant association neither with AluJb methylation nor amygdala reactivity.
On a neurofunctional level, we observed an interaction of AluJb methylation and the diagnosis of MDD in the right amygdala responsiveness to emotional faces. Again, assuming the opposing effect of AluJb methylation on gene expression compared to CpG island methylation in the SLC6A4 promoter, our findings are in line with recent studies reporting SLC6A4 CpG island methylation as a predictor for amygdala reactivity in HC and MDD patients (Frodl et al, 2015; Nikolova et al, 2014) . Further, lower AluJb methylation in MDD patients was strongly associated with reduced amygdala reactivity. Our results are pointing in the same direction as studies in rodents reporting changes of retrotransposon expression in the basolateral amygdala after stress exposure (Ponomarev et al, 2010) . However, the spatial resolution of BOLD fMRI together with individual variations in amygdala morphometry does not allow direct conclusions about single nuclei. Endogenous SSRI-like effects, as the abovementioned possible consequence of lower AluJb methylation, might cause such decreased amygdala reactivity in response to emotional faces, an effect already shown after pharmacological treatment with SSRIs in MDD patients (Ruhé et al, 2014) . In HCs, an association between amygdala reactivity and AluJb methylation might have been absent due to lower LTE-Q levels and/or more successful coping strategies in combination with sufficient demethylation when confronted with stress. However, since no neuronal 5-HTT mRNA levels can be collected in living participants, this interpretation remains speculative.
Analysis of joint effects of 5-HTTLPR/rs25531 and AluJb methylation on amygdala reactivity revealed no significant associations. However, we could replicate a controversially discussed finding of risk allele carriers exhibiting greater threat-related amygdala reactivity relative to non-carriers (Murphy et al, 2013a) . Based on a large sample, meeting the need for high statistical power (Murphy et al, 2013a) , our data adds notable evidence to the hypothesis that 5-HTTLPR/rs25531 represents an important player in the neural activity during emotion processing.
Our results predicting amygdala reactivity were limited to the right amygdala since weaker association in the left amygdala did not withstand FWE correction. This corroborates the fMRI paradigm used in our study, which mainly increases activation in the right amygdala (Lanteaume et al, 2007) . Further it might reflect a functional asymmetry of the amygdala demanding further investigations (Baas et al, 2004) , since the majority of studies analyzing the amygdala reported lateralized results.
Some limitations have to be acknowledged. First, DNA methylation was measured via whole EDTA-blood. Intersubject heterogeneity in blood cell type proportions might potentially confound methylation levels and the following PCA analysis in our study (Jaffe and Irizarry, 2014) . Furthermore, measuring methylation in the periphery of the body, a direct correlation to methylation levels in the brain cannot be determined. However, recent work indicates substantial correlations between SLC6A4 methylation of CpG sites in peripheral blood leukocytes and SLC6A4 methylation in post mortem amygdala tissue in healthy controls and patients with MDD (Riese et al, 2014) . In addition, SLC6A4 promoter methylation based on peripheral blood cells has already been mapped onto individual differences in serotonin biosynthesis in vivo (Wang et al, 2012) . Besides, influences of adjacent CpG sites and other functional polymorphisms could be biologically relevant and potentially confound our results. BDNF, for instance, has frequently been shown to interact with SLC6A4 on behavioral, transcriptional, and epigenetic levels (Ignácio et al, 2014) . More research is needed to examine further genetic and epigenetic factors involved in the association of MDD and SLC6A4 AluJb methylation rates in detail. Although physical parameters like smoking status or physical exercises revealed no effects on SLC6A4 methylation previously (Alexander et al, 2014; Olsson et al, 2010) interfering influences cannot be excluded. Methylation rates did not differ with regard to medication status in our MDD sample, yet, influences of several drugs could not be conclusively clarified regarding the high heterogeneity of psychotropic drugs. Besides, amygdala reactivity has frequently been shown to be influenced by medication intake (Ruhé et al, 2014) , which could not be determined in our sample, but should be taken into account in future replication studies.
Despite these limitations, our study provides new insights in the role of SLC6A4 AluJb methylation in MDD and amygdala reactivity and its associations with 5-HTTLPR/ rs25531 and stress. Lowered AluJb methylation in MDD patients might represent an underlying endogenous response mechanism to higher stress levels. In conjunction with a shorter history of MDD and decreased amygdala reactivity, AluJb hypomethylation might even point to an adaptive epigenetic process, maybe via theoretically possible endogenous antidepressant-like effects by decreasing 5-HTT expression rates. The present study therefore is the first, which highlights the possible role of repetitive (Alu) elements in MDD and which might indicate new promising targets for therapeutic interventions.
FUNDING AND DISCLOSURE
